Communication between neural cells and the vasculature is integral to the proper development and later function of the central nervous system. A mechanistic understanding of the interactions between components of the neurovascular unit has implications for various disorders, including cerebral cavernous malformations (CCMs) in which focal vascular lesions form throughout the central nervous system. Loss of function mutations in three genes with proven endothelial cell autonomous roles, CCM1/krev1 interaction trapped gene 1, CCM2, and CCM3/programmed cell death 10, cause familial CCM. By using neural specific conditional mouse mutants, we show that Ccm3 has both neural cell autonomous and nonautonomous functions. Gfap-or Emx1-Cre-mediated Ccm3 neural deletion leads to increased proliferation, increased survival, and activation of astrocytes through cell autonomous mechanisms involving activated Akt signaling. In addition, loss of neural CCM3 results in a vascular phenotype characterized by diffusely dilated and simplified cerebral vasculature along with formation of multiple vascular lesions that closely resemble human cavernomas through cell nonautonomous mechanisms. RNA sequencing of the vascular lesions shows abundant expression of molecules involved in cytoskeletal remodeling, including protein kinase A and Rho-GTPase signaling. Our findings implicate neural cells in the pathogenesis of CCMs, showing the importance of this pathway in neural/vascular interactions within the neurovascular unit. cerebrovascular disease | activated astrocytes | animal models
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In mice, Ccm1 deletion results in embryonic lethality associated with defects in arterial morphogenesis (11) . Although Ccm1 +/− mice seem normal, in the absence of p53 function or in a sensitized background deficient for mismatch repair, approximately one-half develop lesions resembling CCM (12, 13) . Similarly, Ccm2 deletion causes embryonic lethality, and ∼10% of Ccm2 heterozygotes develop lesions (10) . Ccm2 inactivation in the endothelium causes cardiovascular pathology; however, both neural and vascular smooth muscle conditional mutants seem normal (14) (15) (16) . CCM2 acts cell autonomously in the endothelium, affecting cell junctions and consequently, vessel integrity (14, 16) . In addition, CCM2 signaling has been shown to be important in mediating cell death induced by the neurotrophic tyrosine kinase receptor type 1 (TrkA) receptor tyrosine kinase (17) . The molecular function of CCM3 remains under intense study. Biochemical and structural studies have indicated that CCM3 can participate in a protein complex also containing CCM1 and CCM2 (18, 19) , which directly interact with each other (20, 21) , and that CCM3 binds CCM2 through its C-terminal domain (22) . CCM3, however, has also been identified as part of an additional multiprotein complex that includes all three members of the germinal center kinase III (GCK-III) family of Ste20 kinases [serine/threonine kinase (Stk) 24, Stk25, and Mst4] (23), possibly promoting assembly of the Golgi apparatus (24) . Interestingly, many components of this complex are involved in cell cycle regulation and apoptosis, with CCM3 having a proapoptotic role in vitro (25) . Finally, global or endothelial deletion of Ccm3 causes embryonic lethality associated with defects in vascular development and VEGF receptor 2 (VEGFR2) signaling (26) , and in zebrafish, CCM3-mediated signaling through Ste20-like kinases is involved in cardiovascular development (27) .
Here, we examine the role of Ccm3 in neurovascular development and disease. We show that loss of Ccm3 in neural cells has cell autonomous effects causing activation of astrocytes through Akt signaling in addition to cell nonautonomous effects in the vasculature, including a diffusely dilated and simplified vascular tree and formation of lesions that resemble typical human cavernomas.
Results
Generation of Ccm3 Neural Mutants. To explore the function of CCM3, we generated tissue-specific Ccm3 knockouts. The generation of the Ccm3 lox allele (SI Materials and Methods) and mutants with global and endothelial deletion of Ccm3 has been reported (26) . To study its neural-specific functions, we ablated Ccm3 using three Cre lines that direct recombination in partially overlapping populations of neural cells with temporally and spatially different profiles: Nestin-Cre (28), Gfap-Cre (29) , and empty spiracles homolog 1 (Emx1)-Cre (30) (SI Materials and Methods). Importantly, none of these Cre lines are active in endothelial cells (30, 31) . In mutant animals, expression of Ccm3 mRNA and protein was significantly down-regulated compared with controls (Fig. S1 ).
Neural Cell Autonomous Functions of CCM3. To examine CCM3 function in neural cells, we initially deleted Ccm3 by generating Nestin-Cre;Ccm3 lox/lox (Nestin-Ccm3) mutants (SI Materials and Methods). Mutant animals were born in lower than expected Mendelian ratios and did not survive past postnatal day 3 (P3); their main feature was an enlarged brain with abnormal cytoarchitecture, suggesting that Ccm3, in addition to its role in endothelial cells (26) , has a cell autonomous neural function. To further study the neural phenotype in viable Ccm3 neural mutants, we tested the Gfap-and Emx1-Cre drivers (SI Materials and Methods).
The Gfap-Cre;Ccm3 lox/lox (Gfap-Ccm3) mutants were born in expected Mendelian ratios but similar to the Nestin-Ccm3 animals, also suffered a high mortality rate (∼80%) at around 4 wk. The Gfap-Cre mutants failed to thrive and had reduced body weight; their brains, however, were large ( Fig. S2) , with dilated ventricles and abnormal cytoarchitecture. The remaining onefifth of Gfap-Ccm3 animals that did survive to adulthood weighed ∼65% of control littermates at weaning and had a shorter lifespan (none survived beyond 12 mo). These also had enlarged brains (Fig. S2 ). All Gfap-Ccm3 animals had significant neurological findings, including unsteady gait and circling.
Unlike the Nestin-and Gfap-Ccm3 mice, all Emx1-Cre; Ccm3 lox/lox (Emx1-Ccm3) mutants, born in expected Mendelian ratios, survived to adulthood. Although they seemed grossly healthy, the overall phenotypic findings, including large brains, were similar to the other two mutants (Figs. S1 and S3).
The increased brain size in the three Ccm3 neural mutants suggested neural cell autonomous effects of CCM3. In Gfap-and Emx1-Ccm3 mutants, a progressive increase in reactive astrocytes highly expressing the intermediate filaments Gfap and vimentin was observed starting at early postnatal stages ( Fig. 1 and Fig. S3 ). We, therefore, isolated primary cortical astrocytes in which Ccm3 is deleted from Gfap-Ccm3 and control littermates at P3 ( Fig. 2A) , and we tested basic cellular functions such as proliferation and apoptosis. Consistent with our previous observations (25) , Ccm3 mutant astrocytes showed both increased proliferation ( Fig. 2 B and C) and resistance to cycloheximideinduced apoptosis ( Fig. 2D ) and had reduced levels of activated caspase-3 compared with controls ( Fig. 2E) . Furthermore, in mutant astrocytes, the early apoptotic fraction was significantly decreased, suggesting increased survival (Fig. 2F) .
Given the prosurvival phenotype of mutant astrocytes, we next examined Akt signaling, which has documented effects on proliferation and cell survival/apoptosis suppression (32) . Baseline levels of activated (phospholylated) Akt were increased in Ccm3 mutant astrocytes and remained elevated even after serum withdrawal, a treatment that decreased phosphorylated Akt (pAkt) in control astrocytes. Consistent with this, the levels of phosphorylated forkhead box O1 (FoxO1), a downstream target of Akt, were also increased (Fig. 2G ).
Vascular Pathology in Ccm3 Neural Mutants. Given the abundance of reactive astrocytes in Ccm3 neural mutants and the fact that astrocytes are important for neural/vascular interactions within the neurovascular unit (33), we examined the cerebrovasculature. Capillaries in Gfap-Ccm3 brains seemed less organized than in controls ( Fig. 3 A and E). Moreover, cerebral vessels (visualized by intravascular administration of a biotinylated tracer to label endothelial surface proteins) were dilated in GfapCcm3 mutants at all ages examined (n = 7; P20 to 10 mo) ( Fig. 3  B and F) . The tracer remained confined within the vasculature, suggesting that neural deletion of Ccm3 had no generalized effects on the integrity of the blood-brain barrier, and ultrastructural analyses revealed normal endothelial tight junctions in the dilated vessels examined (Fig. S4 A-D) . In addition, vessel density was decreased significantly in the Gfap-Ccm3 mutants at all ages examined (n = 5; P21 to 10 mo) (Fig. 3 B, C , F, and G and Fig. S4E ). Connexin43 mRNA, encoding a gap junction protein that connects astrocytic end-foot processes, was lower in perivascular astrocytes around large-and medium-sized vessels (Fig. 3  D and H) . These observations suggest that Ccm3 neural deletion has cell nonautonomous effects in the cerebrovasculature.
To further confirm the cell nonautonomous effects of Ccm3 neural deletion, we examined the retinal vasculature, which develops postnatally on a template of astrocytes migrating from the optic nerve (34) . Retinal astrocytes derive from Gfapexpressing progenitors (Fig. 3I) and therefore, are deficient for CCM3 in the Gfap-Ccm3 mutants. In control P2 pups, astrocytes emerging from the optic nerve head have spread across the inner surface of the retina (Fig. 3J) , forming a network for the endothelial cells to follow (Fig. 3M) . In Gfap-Ccm3 littermates, spreading of astrocytes was attenuated ( Fig. 3 K and L) ; as a consequence, endothelial cell migration was delayed ( Fig. 3  N and O) .
Because of their interactions with blood vessels initiated during postnatal gliogenesis (35) and their role in the control of local microcirculation, astrocytes have been proposed to be involved in cerebrovascular regulation (36) . Our observations of dilated vessels in an environment of abundant activated astrocytes prompted us to examine molecules expressed at the astrocyte/vessel interface. One candidate is Angiopoietin 1 (Ang1), which is expressed by astrocytes surrounding blood vessels (37), acts through Akt pathway activation (38) , and when overexpressed in forebrain neurons or delivered systemically, causes vessel enlargement (37, 39) . In control brains, as expected (37), Ang1 accumulated around blood vessels and neurons (Fig. 3 P, R, and T), which was also the case in mutant brains ( Fig. 3 Q and  S) . However, activated astrocytes in both Gfap-and Emx1-Ccm3 mutants showed a dramatic increase in Ang1 expression throughout the brain (Fig. 3 U and V) .
Formation of Vascular Lesions in Ccm3
Neural Mutants. Given their vascular phenotype and the known role of CCM3 in lesion formation, we next examined adult Gfap-and Emx1-Ccm3 brains for evidence of pathology. To our surprise, two-thirds (21 of 31) of Gfap-Ccm3 mice (3 wk to 12 mo) had developed one (8 of 21) or even a few (13 of 21) cerebrovascular lesions that resembled human CCMs with the characteristic raspberry-like appearance of cavernomas (Figs. 4 and 5, Fig. S5 , and Table S1 ). The lesions were usually superficial (18 of 21) and formed throughout the brain as well as in the spinal cord. Interestingly, young animals (3-8 wk of age; n = 6) that developed lesions also had severe hydrocephalus ( Fig. 4G and Table S1 ). Onset of lesion formation was not systematically examined. Remarkably, lesions were never observed in Gfap-Ccm3 mutants analyzed between birth and weaning (P21; n > 100). Similarly, over 80% (10 of 12) of the Emx1-Ccm3 animals (7 mo and older) developed one (n = 1) or multiple (n = 9) lesions (Table S1 ), also predominantly superficial (8 of 10) and confined to the forebrain, reflecting the restricted expression of Emx1-Cre (Figs. 4H and 6C, Fig. S5 A and I, and Table S1 ). Two Gfap-Ccm3 and two Emx1-Ccm3 animals had deep lesions within the parenchyma (Fig. 6 A-C, Figs. S5H and S6 G-I, and Table S1 ).
Analyses of CCM-Like Vascular Lesions. The lesions developing in Gfap-and Emx1-Ccm3 mice consisted of thin-walled dilated clustered microvessels lined with a single layer of endothelium without intervening parenchyma, similar to human cavernomas (Fig. 5 A-E and Fig. S6 S-U) . Ultrastructural analyses revealed both luminal and abluminal erythrocytes (Fig. 5F ), indicating extravasation and microhemorrhage within the lesion; however, there was no hemorrhage in the vasculature outside the lesion, and hemosiderosis was limited, in contrast to human lesions (Fig.  S6 S-U) . Some properly formed endothelial tight junctions were evident ( Fig. 5G and Fig. S7 ), and numerous platelets were present within the lumen (Fig. 5H) , consistent with observations of frequent thrombi in human CCM (40) .
The lesions were surrounded by foci of high cellular proliferation (Fig. 6A ) and abundant activated astrocytes expressing high levels of Gfap (Fig. 6 B and C) compared with lesion-free areas of the same mutant brain, suggesting a possible link between lesion formation and astrogliosis. Consistent with our in vitro observations, significant pAkt and Ang1 expression was detected in areas immediately surrounding the lesions (Fig. 6 D-G) . Remarkably, in these areas, one of the downstream targets of Akt signaling that mediates its vascular effects, nitric oxide synthase (NOS), was also up-regulated (Fig. 5D and Fig. S6B ).
RNA Sequencing of CCM-Like Vascular Lesions. To gain mechanistic insights into the CCM-like lesions, we used RNA sequencing (RNA-seq) to examine their transcriptional profile. Three lesions (i.e., three biological replicates) were microdissected from the cortical surface of three Emx1-Ccm3 animals (7 mo). One had a single lesion, whereas the remaining two had multiple lesions (Table S1) .
After mapping the RNA-seq data, we used fragments per kilobase of transcript per million fragments mapped (FPKM) as a measure of relative abundance of each transcript. In accordance with the literature (41), we considered any gene with FPKM > 20 in all three biological replicates to be moderately to highly abundant within the lesion. Of the 1,003 genes with FPKM > 20, 822 were common in all samples. We investigated these moderately to highly expressed genes using pathway analysis (http://www.genego.com/) to determine which signaling pathways are active in the lesions. Using enrichment analysis (EA) to identify dataset-specific P value distributions of transcripts in several functional ontologies, we identified cytoskeletal remodeling as the most significantly up-regulated pathway (P < 2.2 × 10 −9 for each of the three samples analyzed) (Fig. S8 ) because of protein kinase A (PKA) expression (FPKM average ± SD is 43.82 ± 4.47) with activation of downstream Rho-GTPases, including the highly conserved mammalian Rho-GTPases, RhoA, Rac, and cell division cycle 42 homolog (CDC42), with RhoA being the most abundant (65.5 ± 7.0). Indeed, cytoskeletal proteins such as cytoskeletal β-actin (221.1 ± 49.5), fodrin (88.66 ± 10.72), and cofilin (101.6 ± 7.3) were highly abundant. These findings are consistent with previous studies, which suggested RhoA activation after Ccm2 deletion (14) and CCM interactions with β1-integrins (42, 43) and offer a unique insight into lesion genesis and progression after neural Ccm3 inactivation. Interestingly, Ccm3 transcripts were detected in all three lesions analyzed by RNA-seq (2.7 ± 1.4), suggesting that CCM-like lesions in these neural mutants did not form because of lack of CCM3 in the endothelium.
Discussion
Here, we show that neural Ccm3 deletion has cell autonomous effects in astrocytes, including increased cell proliferation and cell survival/resistance to apoptosis because of Akt pathway activation. Surprisingly, neural Ccm3 deletion also results in a cell nonautonomous vascular phenotype characterized by diffuse dilation, decreased complexity of the vascular tree, and formation of lesions that closely resemble human CCM. Our findings provide in vivo evidence that a CCM gene, Ccm3, is required for normal physiologic function in nonvascular cells and implicate a cell nonautonomous mechanism in disease pathogenesis, suggesting that CCM lesions can develop as a result of altered interactions within the neurovascular unit. This finding has significant implications and potentially explains why CCM lesions develop almost exclusively in the CNS, including the retina, despite widespread expression of CCM proteins. Indeed, dysfunctional cell-cell signaling has been associated with other CNS pathologies, most notably inherited amyotrophic lateral sclerosis, in which astrocytes contribute to motor neuron loss through cell nonautonomous mechanisms (44) . Likewise, cerebral hemorrhages have been reported in mice lacking α vintegrins in astrocytes (45) . Interestingly, germ cell death in Caenorhabditis elegans is regulated by kri-1 expressed in somatic tissues through a cell nonautonomous mechanism (46) . Importantly, our analysis revealed that, in Ccm3 mutants, cell autonomous neural and nonautonomous vascular abnormalities precede the onset of lesion formation. Despite widespread vascular pathology, the observed CCM lesions, similar to human disease, are focal and age-dependent. In that respect, our observation that young animals only develop lesions in conjunction with severe astrocytosis at the lesion site suggests that injury may play a role in lesion formation, a notion consistent with clinical reports of CCM developing or expanding after physical trauma, injury, or radiation (47, 48) . Why lesions preferentially form on the surface of the brain in the Ccm3 mutants is not understood.
The finding that neural loss of Ccm3 but not Ccm2 (14, 15) leads to neural and vascular phenotypes, including lesions, further implies that the molecular signature of CCM may be distinct depending on the gene mutated. Indeed, mutations in the CCM genes have varying degrees of clinical penetration; clinical manifestations may also vary, and individuals with CCM3 mutations are at greater risk for more aggressive clinical course and highest rates of hemorrhage (49, 50) . Finally, our findings indicate that the primary defects in CCM need not be endothelial-specific, contrary to what has been suggested by the absence of cerebrovascular defects in neural Ccm2 mutants (14, 15) as well as the presence of somatic mutations in endothelial cells lining human lesions (5, 6) .
Our study links CCM3 function to neural-vascular communication within the neurovascular unit. This is reminiscent of the Ang-Tie interactions coupling the mesenchymal compartment with the endothelium. Activating mutations in Tie2 result in peripheral venous malformations that resemble CCM lesions (51) . In neural Ccm3 mutants, there is increased Ang-1 expression, potentially activating Tie2 in endothelial cells. Indeed, at the light microscopy level, CCM closely resemble venous malformations, with nearly lack of any vascular wall elements except endothelial cells and disruption of cell-cell interactions underlying their pathophysiology.
In summary, our observations potentially explain why CCM lesions are predominantly CNS-specific, focal, and dynamic. Although clinically asymptomatic in most cases, CCM lesions can cause debilitating problems. The only accepted treatment modality is microsurgical resection, with its associated risks. The mouse model that we developed replicates many aspects of human CCM, allowing mechanistic insights, which include the cell autonomous and nonautonomous functions of CCM3, the involvement of Akt signaling, and cytoskeletal remodeling because of PKA and Rho-GTPase activation within the vascular lesions. Significantly, altered CCM signaling in neuroglia might have implications for other findings in CCM, including seizures. Further dissecting these pathological mechanisms will allow for a more detailed understanding of CCM biology, provide important insights into the role of cell-cell signaling within the neuro- vascular unit, and potentially, pave the way for rational therapeutic approaches.
Materials and Methods
Mice were maintained in compliance with National Institutes of Health guidelines and approval of the Yale University Institutional Animal Care and Use Committee. Ccm3 conditional mutant mice were generated as previously described (26) . Detailed methods on mice, in situ hybridization, immunohistochemistry, other histochemical methods, EM, astrocytic and endothelial cell culture, and RNA-seq are provided in SI Materials and Methods.
